These data included the records of 818 purebred gilts and sows of Duroc, Hampshire and Yorkshire breeding mated to produce all purebreds and all possible two-way crosses. A total of 212 gilts were slaughtered 30-day postbreeding (72 purebred matings and 140 crossbred matings) to evaluate ovulation rate, number of live embryos, average embryo length and embryo survival rate. A total of 450 litters (161 purebred and 289 crossbred) were farrowed to evaluate litter size, litter weight and average pig weight at O, 21 and 42 days postfarrowing. Litters were farrowed in the spring and fall of 1971 and 1973 and the summer of 1972.
REPRODUCTIVE PERFORMANCE OF SWINE BRED TO PRODUCE PUREBRED AND TWO-BREED CROSS LITTERS
These data included the records of 818 purebred gilts and sows of Duroc, Hampshire and Yorkshire breeding mated to produce all purebreds and all possible two-way crosses. A total of 212 gilts were slaughtered 30-day postbreeding (72 purebred matings and 140 crossbred matings) to evaluate ovulation rate, number of live embryos, average embryo length and embryo survival rate. A total of 450 litters (161 purebred and 289 crossbred) were farrowed to evaluate litter size, litter weight and average pig weight at O, 21 and 42 days postfarrowing. Litters were farrowed in the spring and fall of 1971 and 1973 and the summer of 1972.
Of the 818 females selected for breeding, 16.4% failed to exhibit estrus or to be pregnant at slaughter or farrowing. Failure rates were similar for sows and gilts with Yorkshires having the most and Hampshires the least. Duroc and Yorkshire females ovulated more eggs and had more embryos 30 days postbreeding than did Hampshire females (P<.05). Yorkshires were the most productive of the straightbreds in terms of litter size and weight. Breed of dam and breed of sire effects were evident for many traits evaluated.
Heterosis estimates were not significant for embryo data but were large and significant for litter size and weight at 42 days postfarrowing due to the 7.78% higher survival rate of the crossbred pigs. Duroc and Hampshire dams expressed significant response to crossbreeding regardless of the breed of sire used for crossbred litter production, but Yorkshires did not. ttowever, Yorkshire dams had larger and heavier litters when mated to Duroc boars compared to Yorkshire boars. (Key Words: Swine Crossbreeding, Reproduction.)
INTRODUCTION
Most measurements of sow productivity are estimated to be lowly heritable and are theoretically expected to exhibit heterosis under a crossbreeding system. Only a few crossbreeding experiments utilizing non-inbred parents have been reported and a majority of these were conducted prior to the arrival of the "modern" type pig. Several experiments lacked proper controls and sufficient numbers to allow for adequate interpretation. Because of the absence of crossbreeding information on modem swine breeds raised under confinement conditions, data on the performance of purebreds and their crosses is needed in order to develop breeding programs that will maximize performance. reported the results of three replications of an experiment which was designed to evaluate the reproductive performance of purebred Duroc, Hampshire and Yorkshire females when producing purebred and two-breed cross litters. Two additional replications have been finished to complete this phase of the project and the data from all five replications are presented in this paper. The addition of two seasons of data increased the number of observations and consequently increased the precision of the estimates. In addition, these analyses include specific comparisons, not presented in the first paper, which provide information which is necessary for the development of sound breeding programs. 1133 JOURNAL OF ANIMAL SCIENCE, Vol. 42, No. 5, 1976 
MATERIALS AND METHODS
The data for this study came from five replications of the first phase of a two phase swine crossbreeding project being conducted at the Fort Reno Experiment Station. Purebred Durocs, Hampshires and Yorkshires were mated to produce purebred and all possible two-breed cross litters. The basic design of this phase of the project has previously been described by . A random sample of gilts were slaughtered 30 days postbreeding to evaluate ovulation rate, number of live embryos, average embryo length and the percent of eggs ovulated represented by live embryos (embryo survival). The remaining females were allowed to farrow to evaluate litter size, litter weight and average pig weight per litter at 0, 21 or 42 days postfarrowing and the percent of pigs born which were alive at 42 days postfarrowing (pig survival). Neither average embryo length per litter nor average pig weight per litter at 0, 21 or 42 days post-farrowing were adjusted for litter size.
This paper includes the records of 603 gilts and 215 sows that were available for breeding. Ninety-seven gilts and 37 sows were considered to have reproductive failures when they failed to exhibit estrus, returned to estrus after several services, were open at slaughter or failed to carry a litter to term. In addition, 15 slaughter records and 22 farrowing records were discarded due to the loss of part of the reproductive tract at slaughter or due to serious illness or injury of the female prior to slaughter or farrowing. The distribution of the records utilized in the analyses of the various traits is presented by mating type in table 1.
The formation and the maintenance of the seedstock herds which provided the purebred boars and gilts utilized in this project have previously been described by . Herd management and method of data collection were described in detail by . The records utilized in this study were from sows and gilts that were bred to farrow in the spring and fall of 1971 and 1973 and the summer of 1972. Due to management difficulties described by and in order to increase numbers, second litter sows were farrowed in three of the five seasons. Only gilts were bred to farrow in the spring of 1971 and 1973. For the fall 1971 and 1973 farrowing seasons, each boar was mated to at least two gilts and one sow of each breed, and one gilt and one sow from each boar mating type were allowed to farrow and all remaining gilts were slaughtered 30 days postbreeding. Only second litter sows were farrowed in the summer of 1972 and second litter sows were never slaughtered. All sow records were adjusted to a gilt equivalent based on the observed average difference between sows and gilts in the fall 1971 and fall 1973 farrowing seasons. The average difference between gilts and sows was subtracted from the sow records for litter size and average pig weight per litter at O, 21 and 42 days postfar- rowing. Total litter weight at each age and pig survival rate were calculated using the adjusted data. The differences between sows and gilts were considerably different for the three dam breeds suggesting that different adjustments be used for each dam breed. The adjustments for litter size and average pig weight at the various ages are presented by dam breed in table 2.
At birth, the adjustment for litter size was 1.66 pigs for Hampshire gilts and -.33 pigs for Yorkshire gilts. These were significantly different. In all breeds, litters from gilts had approximately one pig less than litters from sows at 21 and 42 days postfarrowing. At 0 and 21 days postfarrowing the adjustment factor for average pig weight was significantly larger for Yorkshires than Durocs. The adjustment factors for these breeds were not significantly different for 42-day pig weight even though they differed by about 1.0 kilogram. The adjustment factor for average pig weight for Hampshires fell between those of Durocs and Yorkshires at all ages.
Ml traits were analyzed on a within season basis and pooled over seasons because it was considered necessary to include the effect of service sire in the model as a random effect. Since different sires were used each season, sires needed to be nested within season-breed of sire subclasses if season was to be included in the model. Available computer programs could not do this when sires were considered random. All data were analyzed by the least squares procedures for disproportionate subclasses described by Harvey (1960) and supplemented by mixed model procedures described by Harvey (1972) . All traits from birth to weaning and number of embryos per litter were analyzed by fitting the following model within season: Yijkm = b t + Bi + sj(i) + Dk + BDik + eijkm where Yiikm = the observed value of the dependent variable for the m th litter in the ijk th subclass, /a ---fitted mean, Bi = effect of the i tla sire breed, sj(i) = effect of jth service sire in the i TM sire breed, D k = effect of the k TM dam breed, BDik = interaction of i th sire breed and k th dam breed and eijkm = random element, All effects except sj(i) and eijkm were considered fixed effects and sj(i) and eijkm were considered random effects with zero mean and 2 0.2 variances 0.s and , respectively. For the trait average embryo length, the linear and quadratic regression of embryo length on days pregnant were added to the model.
The model used to analyze number of corpora lutea per gilt was: Yijkm =/2 + B i + sj(i) + dk(ij ) + em(ijk) where Yijkm ---the observed nu, mber of corpora lutea for the mth gilt in the ijk th subclass, /1 = fitted mean, B i = effect of the i th gilt breed, sj(i) = the effect of the jth sire of gilt in the i TM breed of gilt, dk(ij ) = the effect of the k th dam mated to the jth sire within the i th gilt breed and em(ijk) = random element. The B i effects were considered fixed and sj(i), dk(ij ) and em(ijk) were considered random effects with zero means and variances Os 2 , e~l and o 2 , respectively.
Specific linear contrasts among least squares means were calculated within season for each trait. The linear contrasts and their standard errors were pooled over seasons, giving equal weight to each season. Linear contrasts were constructed to provide information of interest without regard to orthogonality or linear independence and more linear contrasts were made than there were degrees of freedom. Standard errors of comparisons of breeds of dam and heterosis estimates were constructed using residual as the error term while the standard errors for all other comparisons utilized sire within breed of sire as the error term. Breed of sire, breed of dam and their interaction were evaluated by linear contrasts of least squares means. Because sire within breed of sire is nested in season, the sum of squares due to sire within breed of sire pooled over season was used for testing sires as a source of variation.
R ESU LTS

Reproductive Efficiency
The distribution of reproductive success and failure of gilts and sows of each breed is presented in table 3. All gilts were between 210 and 270 days of age at breeding. The breeding season of 56 days was long enough to allow problem breeders at least two and in most cases three complete estrus cycles. No measure of physiological age was taken. A female was considered to have a reproductive failure when she failed to exhibit estrus, failed to conceive after several services, failed to be pregnant at slaughter or failed to carry a litter to term. The chi-square test for differences in probability (Conover, 1971 ) was used to test the hypothesis that the probability of a reproductive failure was the same for all breeds of dam. The failure rate over all dam breeds and ages was 16.4%. Yorkshires and Durocs had 24.4 and 17.2% reproductive failures, respectively, which were significantly greater than the failure rate of 6.9% for the Hampshire gilts. The reproductive failure rate for sows ranked the breeds in the same order as did gilt failure rates, however, the difference between Durocs and Hampshires was not significant.
Overall, the failure rate for Duroc, Hampshire and Yorkshire females was 16.3, 7.7 and 25.4%, respectively, with all differences being significant. These data indicate that more Yorkshires than Durocs and more Durocs than Hampshires must be retained for breeding if a certain number of litters are to be farrowed.
Early Embryo Development
Analyses of Variance. The analysis of variance for number of corpora lutea per gilt is presented in table 4. Each source of variation was tested for significance by using the entry immediately below it as the error term. The breed of gilt and the gilt's dam were significant sources of variation but the gilt's sire was not. These results suggest that the maternal environment provided by the gilt's dam prior to weaning had a large effect upon the gilt's subsequent ovulation rate. The sire and residual mean squares and dlncludes those that never exhibited estrus and those bred but not pregnant. (1958) found that a boar had no significant effect on prenatal death loss. The simultaneous fitting of the linear and quadratic regressions of average embryo length on number of days pregnant, indicated that embryo length exhibited a significant curvilinear growth pattern over the range of days evaluated in this study (~-= 29.57, S.D. = 2.60). The pooled least squares breed group means and linear contrasts among means are presented in table 6 for number of corpora lutea and embryo traits.
Comparisons among Breeds of Dam. This
contrast evaluates the average performance of each dam breed when mated to all breeds of sire. Duroc and Yorkshire gilts ovulated significantly more eggs than did Hampshire gilts and the difference between Durocs and Yorkshires was not significant. The embryo survival rates for the three dam breeds were not greatly different; however, embryos carried by Yorkshire females had a 7.1% higher survival rate than embryos carried by Hampshire females (P<.10). Duroc and Yorkshire gilts had more live embryos than Hampshire gilts (P<.01). Most of the differences seen in litter size were due to differences in ovulation rate because the embryo survival rates were not greatly different for the three dam breeds. Embryos carried by Yorkshire females were significantly shorter than embryos carried by the other two dam breeds. This is probably not simply a function of the number of embryos because Duroc and Yorkshires averaged about the same number of embryos but Durocs had longer embryos (P(.05).
Comparisons among Breeds of Sire. This comparison evaluates the average performance of a sire breed when mated to all breeds of dam. Differences between breeds of sire were not large or significant for number of live embryos or percent embryo survival. Hampshire boars sired embryos that were .79 +-.36 mm and 1.02 -+ .34 mm longer than embryos sired by Duroc and Yorkshire boars, respectively.
Combining the breed of sire and breed of dam comparisons indicates that litter size at 30 days postbreeding is largely a function of ovulation rate rather than embryo survival rate and is therefore largely controlled by the breed of dam. However, average embryo length, which is not strictly regulated by number of embryos, is affected by both breed of dam and breed of sire.
Comparisons among Straigbtbreds. Straight-
bred Hampshire litters were smaller and had a lower embryo survival (P<.05) than either straightbred Duroc or Yorkshire litters. If no differences in fertilization rate are assumed, it appears that Hampshire gilts, which ovulated the fewest eggs of the three dam breeds, had a higher embryonic mortality rate prior to 30 days than Duroc or Yorkshire gilts when all gilts carried straightbred litters. When breeds of dam were averaged over all breeds of sire, the differences in embryo survival rate between Hampshires and the other two breeds were not as large as when all gilts carried straightbred litters. The combination of these two sets of comparisons, might imply that the Hampshire breed contains a higher frequency of deleterious recessive genes than the other two breeds, thus causing the excessive embryonic mortality in the straightbred Hampshire litters. Straightbred Yorkshire embryos were shorter than straightbred Duroc (P<.10) or Hampshire (P<.05) embryos. Heterosis Estimates. Heterosis in this case is a character of the crossbred embryo or pig rather than the dam since all dams were straightbred. None of the heterosis estimates were large in comparison with their standard errors. Crosses involving Hampshires, which had the lowest number of embryos and lowest embryo survival rate, exhibited positive (though nonsignificant) heterosis for number of embryos and embryo survival rate. Crosses between Durocs and Yorkshires, which were the highest and about equal for number of embryos and embryo survival rate, showed slightly negative though nonsignificant heterosis for number of embryos and embryo survival rate.
Average Effect of Crossbreeding on Dam Productivity. This contrast measures the average superiority or inferiority of a given breed of dam when producing both types of crossbred pigs as compared to when she produces straightbred pigs. Duroc and Yorkshire females which were significantly better than Hampshires for number of embryos and embryo survival rate, showed no significant average response to crossbreeding for the traits evaluated at 30 days postbreeding. Crossbred litters carried by Hampshire females were 1.20 + .69 pigs larger and had a 8.76 + 4.65% higher survival rate than purebred Hampshire litters.
Effect of Breed of Sire on Crossbred Litter Production. This comparison was made based on the generally accepted result that crossbred pigs exhibit heterosis for livability and some economically important postweaning traits and are therefore generally preferred over the straightbred. It then becomes important to evaluate the differences between breeds of sire used for crossbred litter production in terms of litter size, litter weight and average pig weight. No large or significant differences were seen between breeds of sire within breed of dam for number of embryos and embryo survival rate of crossbred litters. Within Duroc dams, Yorkshire sired embryos were shorter (P<.05) than Hampshire sired embryos (1.29 + .61 ram). Within Yorkshire females, Duroc sired embryos were -1.24 + .83 mm shorter than Hampshire sired embryos.
Litter Records at O, 21 and 42 Days
Analyses of Variance. The sire and error mean squares and corresponding degrees of freedom for litter traits at 0, 21 and 42 days postfarrowing are presented in table 7. The effect of service sire was a significant source of variation (P<.10 to P<.01) for all traits except litter weight at 21 days, average pig weight at birth and pig survival rate. These results are in disagreement with Reddy et al. (1958) who found service sires were not an important source of variation for any litter trait. A total of 81 sires about equally distributed over the three breeds were represented in the analyses.
The least square means, linear contrasts among means and their standard errors for traits evaluated at 0, 21 and 42 days are given in tables 8, 9 and 10, respectively. Comparisons between Breeds of Dam. Large differences were seen between breeds of dam for litter size and, consequently, litter weight at all ages. Yorkshire females had significantly larger litters than Hampshires and Durocs at all ages and by 42 days of age their litters averaged 1.18 -+ .27 pigs larger and 10.99 +-2.87 kg heavier than litters from Duroc gilts and 1.43 +-.27 pigs larger and 11.83 -+ 2.83 kg heavier than litters from Hampshire gilts. Litters from Duroc dams were significantly larger and heavier at birth than litters from Hampshire dams; however, by 42 days they had litters of essentially equal size and weight due to the decreased survival rate (P<.05) of pigs from Duroc dams. The average weight at birth for pigs from Yorkshire females was less (P<.01) than for the other dam breeds. Pigs did not receive creep feed until after 21-day weights were obtained, therefore 21 day pig and litter weights should be a good estimate of maternal or milking ability. At 21 days Yorkshire females had the heaviest litters (P<.01) but Hampshire females had pigs with the highest average pig weights (P<.05). By 42 days no significant differences existed between dam breeds for average pig weight, but Yorkshire females had the heaviest litters (P<.05) due to more pigs per litter (P<.01). Thus, the creep feed consumed between 21 and 42 days of age tended to compensate for milk production and mask breed differences in maternal ability as mea- Robison (1971) who reported that the covariance between direct genetic and maternal genetic effects changes with time and results in the equalizing of 8-week body weight.
Comparisons between Breeds of Sire. Breed of sire effects were quite evident for litter size, litter weight and pig survival rate and differences for litter size and litter weight became larger as age increased. Yorkshire boars sired litters that were heavier at all ages (P~<.10 to P<-.01) than litters sired by either Hampshires or Durocs. Yorkshire sired litters also contained more pigs at all ages than litters sired by the other two breeds and their advantage became greater as the pigs grew older due to the significantly greater survival rate of the Yorkshire sired pigs. Duroc boars held a similar advantage over Hampshire boars with the difference in litter size being significant (P<.IO) at 21 and 42 days and the difference in litter weight was significant at 42 days due to a nonsignificant improvement in survival rate of the Duroc sired pigs. No significant breed of sire effects were found for average pig weight at any age. Contrary to results reported by Reddy et al. (1958) and O'Ferrall et al. (1968) , these data suggest breed of service sire does affect litter size and preweaning pig livability.
Comparisons among Straigbtbreds. Straightbred Yorkshire litters were larger (P<.05) at all ages than straightbred Duroc or Hampshire litters and due to a higher pig survival rate (P<.05) they averaged over two pigs more than Duroc and Hampshire litters at 42 days. Straightbred Yorkshire litters were also the heaviest straightbred litters at 21 and 42 days (P<.01). Although Yorkshire pigs were the lighest at birth (P<.01), they were as heavy as Duroc or Hampshire pigs by 21 days. Duroc litters were heavier at birth (P<.IO) than Hampshire litters. However, Hampshire pigs were heavier (<.05) than Duroc pigs at 21 days. No differences among the straightbreds were significant for average pig weight at 42 days.
Heterosis Estimates. In general, heterosis estimates for number of pigs per litter were larger at 21 and 42 days than at birth. Few estimates of heterosis for average pig weight per litter were significant. However, at all ages, nearly all crossbred pigs averaged heavier than the average of the purebreds involved in the cross, even though the crossbred pigs were from Because of the increased number of pigs in crossbred litters and the somewhat heavier average pig weights for crossbred pigs, there were several significant heterosis estimates for litter weight at 21 and 42 days. Consequently, overall crossbred litters averaged .50 + .27 kg, 3.70 -+ 1.14 kg and 9.47 -+ 2.43 kg heavier than purebred litters at 0, 21 and 42 days, respectively. Nearly all significant estimates of heterosis were observed in Duroc-Hampshire and Duroc-Yorkshire crosses. Heterosis estimates for Hampshire-Yorkshire crosses were in the same direction as for the other crosses but only the estimate of 6.76% for survival rate was significant (P<L10).
These results are in general agreement with most research which has found that crossbred pigs have a higher survival rate and crossbred litters are consequently heavier and larger at weaning than purebred litters (Winters et al., 1935; Craft, 1953; England and Winters, 1953; Whatley et al., 1954; Smith and McLaren, 1967) . Other workers have reported crossbred pigs to be heavier than purebred pigs at birth and weaning (Winters et al., 1935; Lush et al., 1939; Robison, 1948; England and Winters, 1953; Cunningham, 1967) . In this study crossbred pigs were .014 +-.021 kg, .155 +-.094 kg and .316 -+ .196 kg heavier than purebreds at O, 21 and 42 days, respectively.
Average Effect of Crossbreeding on Dam Productivity. Duroc and Hampshire dams responded favorably to crossbreeding but Yorkshire females showed no significant average response to crossbreeding. Duroc dams had significantly larger and heavier litters at all ages when producing crossbred litters than when producing purebred litters. Crossbred and purebred litters from Hampshire females were of equal size and weight at birth but by 42 days the crossbred litters were significantly larger and heavier (P<.05). Crossbred litters from Duroc and Hampshire dams had a 9.07 +--4.21 and 16.30 • 4.13% higher survival rate than purebred litters from these dam breeds. Average pig weight showed little response to crossbreeding and only the estimate for birth weight of pigs from Hampshire dams was significant (P<.10). Yorkshire dams produced crossbred and purebred litters of essentially equal size, weight and survival rate.
Effect of Breed of Sire on Crossbred Litter Production. Within Duroc dams, Yorkshire sired litters were larger and heavier than Hamp-shire sired litters at all ages (P<.05). Within Hampshire dams there was no significant difference between litters sired by Duroc or Yorkshire boars although all averages for litter size, litter weight and survival rate favored the Yorkshire boar. Litters were larger at all ages for Yorkshire females when mated to Duroc males than when mated to Hampshire males. The difference was significant at 21 and 42 days. Although Yorkshire females did not show any large average response to crossbreeding, they did have larger litters at all ages when mated to Duroc boars than when mated pure. Hampshire boars actually decreased the reproductive performance of Yorkshire dams compared to when the Yorkshires were mated pure. This suggests that the response to crossbreeding exhibited by gilts of a specific breed depends on the breed of boar to which they are mated. This also explains the lack of significance for the heterosis estimate for Hampshire-Yorkshire crosses.
These data indicate that of the three breeds evaluated, Yorkshires are the most productive in terms of litter size and weight but Yorkshires also have the highest reproductive failure rate. Definite breed of sire effects were seen on litter size with Yorkshire boars producing the largest litters, and Hampshires the smallest. Heterosis can be expected for litter size and weight at 42 days and for pig survival rate. The three breeds of dam seemed to respond differently to crossbreeding. This response was also dependent on the breed of boar used in the production of the crossbred litter.
